Introduction {#s01}
============

Regulated cell motility drives many physiological processes including organ formation during embryogenesis, wound healing, the onset of the immune response, and cancer metastasis in metazoans ([@bib4]). In bacteria, cell motility is essential for the colonization of diverse habitats as well as for the formation of higher-order structures such as biofilms and fruiting bodies ([@bib12]). In eukaryotic cells, motility generally depends on the dynamic reorganization of the actin cytoskeleton and is powered at so-called focal adhesions (FAs) that form at the leading cell edge and disassemble at the rear edge, allowing cells to move over long distances ([@bib13]). Although, the molecular composition of FAs varies between cell types, in all cases the formation of FAs regroups the actomyosin cytoskeleton to establish an adhesive complex, allowing the transduction of traction forces to the underlying substratum. Motility is highly regulated and, consistently, FAs incorporate regulators that govern the activity and assembly/disassembly of FAs. Among these regulators, small G-proteins of the Ras superfamily are vastly used and function as nucleotide-dependent molecular switches that interact with cognate effectors when bound to GTP.

Bacteria move on surfaces using flagella or type IV pili or by gliding ([@bib18]). Although flagella- and type IV pili--based motilities are well understood, gliding motility, which occurs in the absence of extracellular organelles, is poorly understood mechanistically. Recent work on the rod-shaped cells of *Myxococcus xanthus* has started to uncover the gliding motility mechanism. *M. xanthus* cells move by gliding motility in the direction of their long axis and, thus, have a leading and a lagging cell pole ([@bib47]). Gliding motility is powered by the recently characterized Agl--Glt complex, a macromolecular system thought to be formed by at least 14 proteins composed of two subcomplexes: the motor subcomplex (Agl), a proton-conducting channel homologous to the motor that drives rotation of bacterial flagella consisting of the three inner membrane proteins AglR, Q, and S ([@bib39]; [@bib30]; [@bib1]); and the Glt subcomplex, which has been suggested to consist of 11 proteins (GltA-K) predicted to localize in different cell envelope compartments including the cytoplasm, inner membrane, periplasm, and outer membrane ([Fig. 1](#fig1){ref-type="fig"}; [@bib28]; [@bib22]; [@bib39]). The Agl and Glt subcomplexes are suggested to associate via a direct interaction involving AglR and GltG ([@bib22]). The propulsion mechanism has been partially characterized: after its assembly at the leading pole, the Agl--Glt complex moves directionally along an as yet unidentified seemingly helical track powered by the Agl motor directly and the proton motive force ([Fig. 1](#fig1){ref-type="fig"}; [@bib39]; [@bib30]; [@bib1]). Thrust is thought to occur when the combined Agl--Glt motility machinery contacts and adheres to the underlying substratum forming on average three to four bacterial FA-like complexes per cell that are regularly distributed along the cell ([Fig. 1](#fig1){ref-type="fig"}). In a motile cell, these bacterial FA complexes retain fixed positions relative to the underlying surface until they become disassembled at the lagging pole, in this way allowing a cell to move over long distances ([Fig. 1](#fig1){ref-type="fig"}; [@bib27]). Thus, there must be mechanisms that control Agl--Glt assembly at the leading cell pole and its dispersal at the lagging cell pole. Additional proteins (AglZ and MglA) also localize to FAs ([Fig. 1](#fig1){ref-type="fig"}) and we show here that they are involved in the spatial regulation of the motility complex.

![**The *M. xanthus* motility machinery.** The current model proposes that the motility complex (yellow circle) is assembled at the leading cell pole and traffics toward the lagging cell pole along a hypothetical looped track (blue). Immobilization at bacterial FAs converts this movement into propelling forces. Active complexes are disassembled when they reach the lagging cell pole while new complexes are formed at the leading cell pole, allowing persistent directional movements. A proposed architecture of the complex is shown. Protein domains and their localization are inferred from sequence prediction and experimental evidence. Proteins used in this study: AglQ (yellow) is a TolR-like protein and contains a predicted transmembrane helix, GltA (blue) has a predicted outer membrane OmpA-like fold, and GltI is a predicted giant 3,822-residue cytosolic protein containing up to 17 predicted tetratricopeptide repeat domains (pink circles). Experimental localization has been determined for AglQ, AglR, GltD, and GltF using fluorescent fusions ([@bib22]; [@bib39]; [@bib29], [@bib30]) and for GltA, D, E, F, G, and H using cell fractionation assays ([@bib22]; [@bib17]). The localization of GltB and GltC has not been determined for the motility system but the paralogues NfsB and NfsC have been localized by fractionation in the sporulation system ([@bib16]). Direct interactions have only been shown for GltG and AglR ([@bib22]).](JCB_201412047_Fig1){#fig1}

Three proteins have enigmatic functions in gliding motility in *M. xanthus*, the small Ras-like G-protein MglA, the coiled-coil protein AglZ, and the actin homologue MreB. MglA is absolutely required for gliding in *M. xanthus* ([@bib15]) and functions as a nucleotide-dependent molecular switch to stimulate motility ([@bib24]; [@bib21]; [@bib33]; [@bib46]; [@bib26]). As most proteins of the Ras superfamily of small G-proteins, MglA is active in its GTP-bound state and inactive in the GDP-bound state ([@bib21]; [@bib46]; [@bib26]). GTP hydrolysis by MglA is stimulated by MglB, a GTPase activating protein (GAP; [@bib21]; [@bib46]; [@bib26]), whereas a guanine nucleotide exchange factor has not been identified. MglA-GTP accumulates at the leading cell pole, whereas MglA-GDP is diffusely localized in the cytoplasm ([@bib21]; [@bib33]; [@bib46]). MglB localizes to the lagging cell pole ([@bib21]; [@bib46]; [@bib26]). MglB excludes MglA-GTP from the lagging pole by converting MglA-GTP to MglA-GDP and, thus, sets up the MglA-GTP asymmetry ([@bib21]; [@bib46], [@bib48]; [@bib20]). MglA has also been suggested to localize to distributed fixed clusters in motile cells and regulate the directionality of the Agl motor through interactions with AglZ and AglR, a motor component, indicating that MglA could be an integral part of FAs ([@bib45]; [@bib33]; [@bib24]; [@bib31]). However, how these interactions relate to motility and how MglA-GTP stimulates gliding motility is currently unknown. The actin homologue MreB, which is important for peptidoglycan (PG) cell wall synthesis in rod-shaped bacteria ([@bib41]; [@bib8]), is also important for gliding motility, i.e., chemical interference with MreB polymerization by the compound A22 blocks gliding as well as AglZ localization to FAs ([@bib24]). Interestingly, MreB also interacts directly with AglZ ([@bib24]). How these interactions stimulate gliding motility is also currently unknown.

In this study, we investigated the function of MglA and MreB in gliding motility. We provide evidence that MglA-GTP is an integral part of the Agl--Glt gliding motility complex at FAs and stimulates the assembly of the Agl--Glt machinery at the leading pole. Moreover, we found that MreB functions in motility independently from its role in PG synthesis, interacting directly with MglA-GTP to stimulate motility complex formation. Finally, we show that breaking this interaction is essential for disassembly of the motility complexes at the lagging pole. We elucidate the mechanism and show that MglB, the cognate MglA GAP, localizes to the lagging cell pole and dissociates MglA from MreB in two additive ways: (1) MglB is competing with MreB for interaction with MglA-GTP and (2) MglB is converting MglA to the GDP-bound state, which does not interact with MreB.

Results {#s02}
=======

Localization of the Agl--Glt machinery in motile cells {#s03}
------------------------------------------------------

To localize the Agl--Glt machinery during motility, we developed fluorescent probes to monitor the localization of three Glt proteins predicted to localize to three distinct layers of the Agl--Glt motility machinery ([Fig. 1](#fig1){ref-type="fig"}). AglQ is a subunit of the Agl motor in the inner membrane and localizes to FAs, forming multiple fixed clusters along the cell length ([@bib39]). GltA is an outer membrane protein, is part of the Glt complex, and localizes to FAs ([@bib17]). GltI has not been previously localized but is suggested to be a component of the Agl--Glt complex ([@bib22]) and is predicted to localize in the cytosol ([Fig. 1](#fig1){ref-type="fig"}; [@bib22]). In particular, GltI lacks a predicted signal peptide. We constructed fluorescent fusions to each of these proteins to monitor their localization over time. Because in each case the fusions are expressed from their native promoters and complement deletions of the respective genes (*gltA*, *gltI*, and *aglQ* mutations all lead to nonmotile cells; [@bib22]; [@bib39]), we concluded that all three fusions are functional and could be further studied. The AglQ-mCherry fusion (mCh) and GltA-mCh formed fixed clusters that became dispersed when they reached the lagging pole as previously described for AglZ-YFP ([@bib27]; [Fig. 2](#fig2){ref-type="fig"}, A and B). GltI-YFP also formed fixed clusters that became dispersed at the lagging pole ([Fig. 2 C](#fig2){ref-type="fig"}). In addition, GltA-mCh but not GltI-YFP was also localized all around the cell periphery, consistent with the localization of GltA-mCh to the outer membrane and the predicted localization of GltI-YFP to the cytosol ([Fig. 2 C](#fig2){ref-type="fig"} and [Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp1}, A and B). We conclude that GltI, AglQ, and GltA all localize to FAs in motile cells and, thus, the Agl--Glt complex likely spans the entire cell envelope (although rigorous fractionation experiments are required to formally prove the cytosolic localization of GltI).

![***M. xanthus* FAs contain a trans-envelope complex.**Localization of AglQ-mCh (A), GltA-mCh (B), and GltI-YFP (C) in a moving WT cell. Shown are unprocessed micrographs (left) of a moving cell taken every 30 s and 3D projections of fluorescence intensities of these same micrographs. FAs (arrowheads) are apparent as intensity peaks that retain fixed positions throughout the time-lapse recordings. Bars, 2 µm. The schematic shows a model of the motility complex as in [Fig. 1](#fig1){ref-type="fig"} and with the tagged protein indicated in light red.](JCB_201412047_Fig2){#fig2}

MglA is required for the assembly and localization of the Agl--Glt machinery at FAs {#s04}
-----------------------------------------------------------------------------------

Previously, MglA was shown to be important for the FA localization of AglZ-YFP ([@bib24]). However, the exact function of the cytoplasmic AglZ protein is not known and it could be both a gliding motility regulator and a structural component of the gliding machinery ([@bib23], [@bib24]). To test whether MglA is more generally important for the formation of the Agl--Glt machinery at FAs, we determined how MglA affects the localization of AglQ-mCh, GltI-YFP, and GltA-mCh. In the absence of MglA, AglQ-mCh formed a cluster at one of the cell poles in many cells but did not form clusters along the cell length ([Fig. 3](#fig3){ref-type="fig"}), whereas GltI-YFP and GltA-mCh essentially became diffusely localized in the cytosol and around the cell periphery, respectively ([Figs. 3](#fig3){ref-type="fig"} and S1, C and D). Thus, MglA is not only required for the localization of AglZ at FAs ([@bib24]), but most likely for the assembly and localization of the entire Agl--Glt machinery at FAs.

![**MglA is required for assembly of the motility machinery.** Fluorescent clusters corresponding to GltI-YFP, AglQ-mCh, and GltA-mCh were detected and counted automatically as described in Materials and methods. The box plots represent cluster counts for each strain with the bottom and top boundaries of the boxes corresponding to the 25% and 75% percentiles, respectively. The median is shown as a thick black line and the whiskers represent the 10% and 90% percentiles. Outliers are shown as open circles. Note that in the *mglA* mutant, AglQ-mCh forms a polar cluster in many cells whereas GltI-YFP and GltA-mCh are diffusely localized. Therefore, in the absence of MglA the median of the AglQ-mCh cluster count is close to 1. *n* is the number of analyzed cells per strain. Statistics, *t test*. Bar, 4 µm.](JCB_201412047_Fig3){#fig3}

MglA is a component of the Agl--Glt motility machinery at FAs {#s05}
-------------------------------------------------------------

MglA is active and stimulates gliding motility in its GTP-bound state and is deactivated after GTP hydrolysis. When MglA is fused to YFP, the GTP-bound form of MglA localizes predominantly to the leading cell pole and occasionally to fixed clusters along the cell length, suggesting that it can also localize to FAs ([@bib24]; [@bib33]; [@bib46]). In wild-type (WT) cells, the regulation by GTP hydrolysis complicates the study of the function of MglA in gliding motility ([@bib21]; [@bib46]). To circumvent this problem, we took advantage of an MglB-insensitive and constitutively activated MglA^Q82A^ variant that is locked in the GTP-bound form ([@bib26]). A strain expressing a YFP-MglA^Q82A^ fusion had the same motility phenotype as an MglA^Q82A^-expressing strain and therefore the fusion was deemed functional ([@bib26]). In motile cells, YFP-MglA^Q82A^ localized to both cell poles and formed a single fixed fluorescent-bright cluster in motile cells as previously described ([Fig. 4 A](#fig4){ref-type="fig"}; [@bib46]; [@bib26]). To check if the nonpolar YFP-MglA^Q82A^ cluster reflects the assembly of a single active Agl--Glt complex, we assayed the localization of AglZ-mCh, AglQ-mCh, GltI-YFP, and GltA-mCh in the presence of MglA^Q82A^. All four fusion proteins generally also formed a single prominent cluster that retained a fixed position as cells moved ([Fig. 4](#fig4){ref-type="fig"}). Colocalization experiments showed that YFP-MglA^Q82A^ colocalized in the nonpolar cluster with AglZ-mCh and AglQ-mCh ([Fig. 4, A--E](#fig4){ref-type="fig"}). We conclude that in the presence of YFP-MglA^Q82A^ the Agl--Glt machinery mostly assembles to form a single prominent FA.

![**MglA-GTP colocalizes with the Agl--Glt machinery.**(A and B) AglQ-mCh colocalizes with YFP-MglA^Q82A^. (C and D) AglZ-mCh colocalizes with YFP-MglA^Q82A^. 60-s time-lapse images and corresponding kymograph representations are shown. The cell outlines were obtained after overlaying with the phase-contrast images (not depicted). The black arrowheads indicate colocalizing clusters. R indicates a cellular reversal. (A) In the overlay, YFP-MglA^Q82A^ is shown in green and AglQ-mCh in red. (E) Colocalization analysis. For the AglZ-mCh/YFP-MglA^Q82A^ and the AglQ-mCh/YFP-MglA^Q82A^ pairs, the number of clusters that colocalize was determined by scoring YFP- and mCherry-bright nonpolar internal clusters. To only consider internal clusters, the poles were excluded for this analysis (dotted lines). (F and G) Localization of GltI-YFP and GltA-mCh in a strain expressing MglA^Q82A^. Images were captured every 60 s. R indicates a cellular reversal. Bars: (A, B, and E--G) 2 µm; (C and D) 1 µm.](JCB_201412047_Fig4){#fig4}

We next investigated which proteins of the motility machinery are important for the formation of the nonpolar cluster formed by YFP-MglA^Q82A^. Because MglA is a cytosolic protein, its recruitment to the motility machinery would be expected to depend on a cytosolic protein or a cytosolic domain of a transmembrane protein of the machinery. We initially focused on GltI and AglZ, which are the only components of the motility machinery that are predicted to be entirely cytosolic. The nonpolar YFP-MglA^Q82A^ cluster was present in ∼50% of the total cell population in WT cells corresponding to the motile cells ([Fig. 5](#fig5){ref-type="fig"}, A and B). Consistent with the link between MglA and the Agl--Glt motility machinery, YFP-MglA^Q82A^ neither formed the prominent nonpolar cluster in the *aglZ* mutant nor in the *gltI* mutant while still forming clusters at both cell poles ([Fig. 5](#fig5){ref-type="fig"}, A and B). In contrast, YFP-MglA^Q82A^ still formed polar as well as nonpolar clusters in the *aglQ* mutant where the motility apparatus is assembled but paralyzed ([@bib39]; [Fig. 5](#fig5){ref-type="fig"}, A and B). Importantly, in this mutant, the YFP-MglA^Q82A^ nonpolar clusters were also paralyzed. We conclude that formation of the nonpolar YFP-MglA^Q82A^ cluster depends on an intact Agl--Glt gliding machinery. Moreover, these data strongly support the notion that MglA is an integral part of the Agl--Glt gliding machinery. Because AglZ-YFP does not localize at FAs in a *gltI* mutant ([@bib28]) and MglA interacts directly with AglZ ([@bib45]; [@bib24]), we favor a scenario in which MglA-GTP is incorporated into the Agl--Glt machinery by a direct interaction with AglZ, which is then connected to the rest of the machinery via GltI.

![**Localization of YFP-MglA^Q82A^ to FA depends on cytoplasmic components of the motility complex.**(A) Localization of YFP-MglA^Q82A^ in mutants lacking a motor subunit (*aglQ*) or cytosolic components of the motility complex (*aglZ* and *gltI*). Arrowheads show FAs. Bar, 2 µm. Insets show corresponding phase-contrast images. Bar, 5 µm. (B) Box plot summary of YFP-MglA^Q82A^ localizations in the mutants shown in A. The boxplots read as in [Fig. 3](#fig3){ref-type="fig"}. Note that in the *gltI* and *aglZ* mutants, YFP-MglA^Q82A^ forms polar clusters in many cells. Therefore, in the absence of GltI or AglZ the median of the YFP-MglA^Q82A^ cluster count is close to 2. Statistics, *t test*.](JCB_201412047_Fig5){#fig5}

In total, we conclude that MglA associates with the cytoplasmic face of the Agl--Glt motility complex and because MglA^Q82A^ results in the formation of a single prominent Agl--Glt cluster, and MglA is required for the formation of AglQ-mCh, GltI-YFP, GltA-mCh, and AglZ-YFP clusters, MglA stimulates the assembly of the Agl--Glt complex at FAs.

The MreB cytoskeleton is required for the recruitment of MglA and the Agl--Glt machinery at FAs {#s06}
-----------------------------------------------------------------------------------------------

MreB is required for the localization of AglZ to FAs and the two proteins interact directly ([@bib24]). MreB is an essential protein in *M. xanthus* ([@bib24]). Therefore, to test if MreB also functions in assembly of the entire Agl--Glt machinery, we interfered with MreB function by treating AglQ-mCh--expressing cells with A22, a compound that reduces MreB polymerization by binding to its nucleotide-binding pocket ([@bib2]; [@bib43]). These experiments were performed in a microfluidic chamber where the cells glide over glass treated with chitosan ([@bib7]). Injection of A22 in the chamber strongly reduced motility reversibly \<1 min after addition ([Fig. 6](#fig6){ref-type="fig"}). Importantly, the nonpolar YFP-MglA^Q82A^ cluster but not the polar clusters was rapidly and reversibly dispersed by A22 ([Fig. 6 A](#fig6){ref-type="fig"}). Notably, AglQ-mCh clusters were also rapidly and reversibly dispersed by A22 treatment in otherwise WT cells ([Fig. 6 B](#fig6){ref-type="fig"}). In cells coexpressing YFP-MglA^Q82A^ and AglQ-mCh, A22 treatment also led to the simultaneous dispersal of the prominent nonpolar clusters formed by YFP-MglA^Q82A^ and AglQ-mCh ([Fig. 6 C](#fig6){ref-type="fig"} and [Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp2}). The effect of A22 on dispersal of motility complexes was specific because treatment with nigericin, a drug that dissipates the proton motive force and paralyzes the motility motor ([@bib39]), stopped motility but did not disperse AglQ-mCh clusters; however, addition of A22 to nigericin-treated cells led to dispersal of the paralyzed motility complexes ([Fig. 6 D](#fig6){ref-type="fig"}). Moreover, the effects of A22 were specific for MreB because motility and YFP-MglA^Q82A^ localization in a strain containing the MreB^V323A^ variant, which binds A22 with a strongly reduced affinity ([@bib2]), were unaffected by A22 ([Fig. 6, E--G](#fig6){ref-type="fig"}). We conclude that the MreB actin cytoskeleton is required for assembly of the MglA-containing Agl--Glt machinery at FAs.

![**MreB is important for motility and FA formation.**(A) A22 (10 µg/ml; red bar) disperses YFP-MglA^Q82A^ FA localization rapidly and reversibly. (A--C) Images were recorded every 60 s for 17 min. Note that motility stops immediately after A22 addition and resumes after a short recovery period (blue bar). Arrowheads indicate FAs. Bar, 1 µm. (B) A22 (10 µg/ml; red bar) disperses AglQ-mCh FA localization rapidly and reversibly in WT cells. Bar, 2 µm. (C) A22 (10 µg/ml; red bar) disperses colocalized YFP-MglA^Q82A^ and AglQ-mCh FAs rapidly and reversibly. In the overlay, the YFP-MglA^Q82A^ signal is indicated in green and the AglQ-mCh in red. Bar, 1 µm. (D) A22 disperses nigericin-paralyzed AglQ-mCh clusters in a WT background. Movement was first stopped by nigericin addition (100 µM; green bar) and A22 was further injected (10 µg/ml) 2 min after nigericin addition. Bar, 1 µm. (E and F) Box plots of the effect of A22 (10 µg/ml) on motility of cells expressing YFP-MglA^Q82A^ or YFP-MglA^Q82A^/MreB^V323A^. The box plots represent cluster counts for each strain with the bottom and top boundaries of the boxes corresponding to the 25% and 75% percentiles, respectively. The median is shown as a thick black line and the whiskers represent the 10% and 90% percentiles. Outliers are shown as closed circles. Statistics, *t test*. (G) A22 (10 µg/ml) does not perturb the formation of the YFP-MglA^Q82A^ cluster in cells expressing the MreB^V323A^ variant. Fluorescence images and a phase-contrast overlay are shown. White arrowheads indicate FA. Orange arrowheads indicate signals from neighboring cells that appear transiently in the field of view. Bar, 1 µm.](JCB_201412047_Fig6){#fig6}

MglA-GTP interacts with MreB polymers {#s07}
-------------------------------------

AglZ interacts directly with MglA and MreB ([@bib45]; [@bib24]). To test if MreB and MglA also interact directly and if this interaction is nucleotide dependent, we first set up an in vitro interaction test. To this end, we took advantage of the recent discovery that an MreB variant that lacks the N-terminal amphipathic helix is soluble (His~6~-MreB~ΔNt~) and can be manipulated in vitro ([@bib37]). The N-terminal amphipathic helix is only important in vivo for an interaction between MreB and the bacterial membrane ([@bib37]). *M. xanthus* His~6~-MreB~ΔNt~ could be purified as a soluble protein in a single step at high concentrations. The purified protein was functional and hydrolyzed ATP at rates that were similar to those described for the *Escherichia coli* and *Thermotoga maritima* MreB proteins (∼0.04 min^−1^ at 300 mM KCl and ∼0.07 min^−1^ at 75 mM KCl; [Fig. 7 A](#fig7){ref-type="fig"} and not depicted; [@bib9]; [@bib32]). We next tested whether His~6~-MreB~ΔNt~ formed polymers in vitro by incubation at different temperatures in the presence of ATP. *M. xanthus* His~6~-MreB~ΔNt~ was recovered in the pellet fraction in a temperature- and time-dependent manner ([Fig. 7 B](#fig7){ref-type="fig"} and [Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp3}). To further analyze MreB polymerization, we performed dynamic light scattering (DLS) experiments in real time in the presence of ATP at various His~6~-MreB~ΔNt~ concentrations. Consistent with polymerization, a DLS signal was observed in a concentration-dependent manner ([Fig. 7 C](#fig7){ref-type="fig"}). Further investigation of the polymerization properties indicated that it is nucleotide independent and extended filaments such as observed recently with *E. coli* MreB by electron microscopy were not observed (Fig. S3 B and not depicted; [@bib32]). The lack of dependence on nucleotide addition has also been observed for *Bacillus subtilis* and *Chlamydia pneumoniae* MreB ([@bib25]; [@bib10]), and, in fact, imaging MreB filaments formed in vitro by electron microscopy has only been done successfully for *E. coli* MreB in mesophilic bacteria in the absence of added lipids ([@bib32]). The in vivo relevance of extended polymers is currently debated because MreB can form small patches or extended filaments depending on species and growth conditions ([@bib6]; [@bib11]; [@bib40]; [@bib44]; [@bib36]; [@bib43]; [@bib8]). Thus, in bacteria the length of MreB polymers may be subject to interactions with the membrane and other modes of regulation, complicating in vitro studies. Nevertheless, because cosedimentation assays have been used to detect specific MreB polymer--RodZ, MreB polymer--MurF, and MreB polymer--EF-Tu interactions in *E. coli*, *C. pneumoniae*, and *B. subtilis,* respectively ([@bib42]; [@bib10]; [@bib5]), we further proceeded to test interaction between MglA and MreB by cosedimentation.

![**MreB interacts directly with MglA-GTP.** (A) His~6~-MreB~ΔNt~ hydrolyzes ATP. His~6~-MreB~ΔNt~ (4 µM final concentration) was mixed with 50 µM ATPγ-\[P^32^\] in 20 mM Tris, pH 7.4, 1 mM MgCl~2~, and 300 mM KCl at 37°C. The results are mean values of triplicate measurements. (B) Kinetics of His~6~-MreB~ΔNt~ polymerization. Polymerization was induced by incubating His~6~-MreB~ΔNt~ (6.5 µM final concentration) in HKM buffer in the presence of 2 mM ATP at 37°C. A Coomassie-stained gel is shown. Relative protein amounts (arbitrary units) were measured over time in the pellets (black dots) and in the corresponding supernatants (open circles) in three independent experiments. (C) MreB forms polymers in a concentration-dependent manner. His~6~-MreB~ΔNt~ polymerization was measured by DLS. The scattering intensity was monitored immediately after addition of ATP (*t* = 0) at varying His~6~-MreB~ΔNt~ concentrations (8 µM \[black squares\], 4 µM \[open circles\], and 2 µM \[open triangles\]) in 20 mM Tris, pH 7.4, 1 mM MgCl~2~, and 150 mM KCl at 37°C. (D) His~6~-MreB~ΔNt~ interacts directly with MglA-GTP. Polymerized His~6~-MreB~ΔNt~ (5 µM final concentration) in the presence of ATP was incubated with MglA-His~6~ (2 µM final concentration) preloaded with GDP or GTP (1.0 mM) at 37°C, for 30 min, and interactions were tested in a sedimentation assay as described in A. Coomassie-stained gels of pellet and supernatant (S) fractions are shown. Bound MglA is expressed as the percentage of pellet-bound MglA over the total amount of MglA. ND, not detectable. (E) His~6~-MreB~ΔNt~ interacts with MglA-GTP in a concentration-dependent manner. The two proteins were mixed as in D and tested for interactions in the sedimentation assay. The MglA-binding curve was modeled with a bimolecular interaction scheme on the mean results of three independent experiments. The best fit was obtained for a *K*~d~ of ∼1.1 µM.](JCB_201412047_Fig7){#fig7}

We first tested the behavior of His~6~-MglA-GDP and His~6~-MglA-GTP during high-speed sedimentation in the absence of His~6~-MreB~ΔNt~. Under these conditions, MglA-GDP did not sediment in the presence of GDP and only a small fraction of MglA (15%) was recovered in the pellet in the presence of GTP ([Fig. 7 D](#fig7){ref-type="fig"}). In the presence of polymerized His~6~-MreB~ΔNt~, formed after incubation with ATP at 37°C for 30 min, MglA-GTP was significantly enriched in the pellet fraction (85% of the total amount of MglA; [Fig. 7 D](#fig7){ref-type="fig"}), whereas MglA-GDP was not and remained absent from the pellet fraction ([Fig. 7 D](#fig7){ref-type="fig"}). Similarly, an MglA-GTP--locked variant (MglA^Q82L^), which has the same properties as MglA^Q82A^ (Fig. S3 C; [@bib46]; [@bib26]), was enriched in the pellet fraction in the presence of GTP but not in the presence of GDP (Fig. S3 D). Importantly, MglA-GTP was recovered in the pellet in an MreB concentration--dependent manner, with an apparent *K*~d~ of 1.1 µM ([Fig. 7 E](#fig7){ref-type="fig"}). The interaction between MreB and MglA-GTP was highly specific because neither MglB nor BSA alone were copelleted with MreB polymers (Fig. S3 E).

MglB promotes disassembly of the motility complex at the lagging cell pole {#s08}
--------------------------------------------------------------------------

Our findings that MglA-GTP is incorporated into the motility machinery and interacts with MreB could explain the puzzling observation that Agl--Glt motility complexes are disassembled at the lagging cell pole in WT cells: at this pole, interaction between MglA and MglB, the cognate MglA GAP, could cause the dissociation of MglA from MreB by stimulating GTP hydrolysis by MglA and/or by competing with MreB for MglA interaction, and thereby causing the disassembly of the motility complex. Consistent with such function and as opposed to WT cells that move several cell lengths before reversing their direction of movement, *mglB* mutant cells or cells expressing MglA^Q82A^ show a characteristic pendulum-like motion and reverse their direction of movement after moving a distance corresponding to one cell length ([@bib46]; [@bib26]). In YFP-MglA^Q82A^--expressing cells, cellular reversals systematically appeared to coincide with a nonpolar cluster reaching the lagging cell pole ([Fig. 8 A](#fig8){ref-type="fig"}). These reversals likely arose from the constitutive activity of the gliding machinery because contrary to WT cells AglQ-mCh, GltA-mCh, and GltI-YFP clusters were not dispersed at the lagging cell pole in MglA^Q82A^-expressing cells and in each case a reversal coincided with contact of the cluster with the lagging cell pole ([Fig. 4](#fig4){ref-type="fig"}, A, F, and G; and [Fig. 8 B](#fig8){ref-type="fig"}). Thus, in the absence of GTP hydrolysis on MglA, FAs are not repeatedly assembled and disassembled at the leading and lagging cell poles, respectively, giving rise to an oscillatory pendulum-like movement pattern as if the machinery was tracking endlessly along a closed helical loop path ([Fig. 8 B](#fig8){ref-type="fig"}; [@bib29]). Similar pendulum motions have also been observed in *Plasmodium falciparum* TRAP mutants where FAs are improperly disengaged at the distal end of the parasite ([@bib38]).

![**MglB promotes disassembly of motility complexes at the lagging cell pole.**(A) Pendulum motion of cells expressing YFP-MglA^Q82A^. Shown is a cell expressing YFP-MglA^Q82A^ and its associated motility diagram. Images were taken every 30 s. Movement is color coded in blue or red depending on direction, and higher color intensities reflect higher velocities. Note that the directional change (black arrow) occurs exactly when YFP-MglA^Q82A^ arrives at the lagging cell pole. Bar, 2 µm. (B) MglA^Q82A^-dependent pendulum movement results from loss of spatial regulation of the motility machinery. In the presence of YFP-MglA^Q82A^ a single prominent FA is assembled. Because this FA is not disassembled at the lagging cell pole and may be attached to a helical track of unknown composition ([@bib29], [@bib30]), movement is resumed in the opposite direction. (C) Inactivation of the motility complex at the lagging cell pole requires both MglB and its GAP activity. For any given strain, the percentage of persistent clusters at the lagging cell pole (striped bars) corresponds to the fraction of clusters arriving at the lagging cell pole that provoke a reversal. The correlation between reversals and clusters arriving at the lagging pole (gray bars) reflects the number of reversals that coincide with an arriving cluster. In the *mglA^Q82A^* and *mglB mglA^Q82A^* mutants, 100% of the reversals coincide with a cluster arriving at the lagging cell pole, but 50% of the clusters are dispersed in *mglA^Q82A^* as opposed to the *mglB mglA^Q82A^* where dispersal at the lagging pole is almost absent. (D) MglB-YFP is unipolar in WT cells and bipolar in MglA^Q82A^-expressing cells. Polar fluorescent cluster counts (arrowheads) are shown for the WT and MglA^Q82A^ strains. Box plot reads as in [Fig. 3](#fig3){ref-type="fig"}. Statistics, *t test*. Bars, 2 µm. (E) MglB inhibits complex formation by His~6~-MreB~ΔNt~ and MglA-GTP. MglA-GTP (8 µM) was mixed with prepolymerized MreB (4 µM) in the presence or absence of MglB-His~6~ (8 µM). Interaction with His~6~-MreB~ΔNt~ was tested in the sedimentation assay and revealed by Coomassie staining. (F) MglB dissociates MglA--MreB complexes. MglA-GTPγS--MreB complexes formed after 40-min coincubation were mixed or not with MglB-His~6~ (8 µM) and further incubated for 40 min before ultracentrifugation. Interaction with His~6~-MreB~ΔNt~ was tested in the sedimentation assay and revealed by Coomassie staining.](JCB_201412047_Fig8){#fig8}

Quantitative analysis showed that 100% of the reversal events in YFP-MglA^Q82A^--expressing cells were correlated with a cluster reaching the lagging pole ([Fig. 8 C](#fig8){ref-type="fig"}). In contrast, only ∼50% of the clusters effectively provoked a reversal, suggesting that nearly half of the clusters were still effectively dispersed at the lagging cell pole ([Fig. 8 C](#fig8){ref-type="fig"}). Thus another mechanism can partially compensate and induce the dispersal of MglA clusters in the absence of GTP hydrolysis, albeit at reduced efficiency (50%). Because MglB-YFP localizes to both cell poles in MglA^Q82A^-expressing cells, contrary to WT cells where it localizes at one cell pole ([Fig. 8 D](#fig8){ref-type="fig"}), we reasoned that the presence of MglB might also compete with MreB for MglA interaction. Remarkably, YFP-MglA^Q82A^ clusters were almost never dispersed at the lagging cell pole in the *mglB* mutant, despite the fact that YFP-MglA^Q82A^ is not sensitive to the GAP activity of MglB ([Fig. 8 C](#fig8){ref-type="fig"}). In this strain, the arrival of a YFP-MglA^Q82A^ cluster at the lagging pole systematically correlated with a reversal ([Fig. 8 C](#fig8){ref-type="fig"}). These observations suggest that MglB could additionally compete with MreB for MglA interaction, independently of its GAP activity.

We next tested if this competing effect could be observed in vitro. When equimolar amounts of MglA-GTP were coincubated with MglB and His~6~-MreB~ΔNt~, MglA-GTP was almost entirely recovered in the supernatant, as was MglB, and not in the pellet with His~6~-MreB~ΔNt~ ([Fig. 8 E](#fig8){ref-type="fig"}). This effect was not only a result of the activation of GTP hydrolysis by MglB because the same result was obtained when GTPγS, a nonhydrolysable form of GTP, was used (Fig. S3 F). Thus, MglB effectively competes with MreB for MglA interaction independently of its GAP activity. We next tested whether MglB addition can dissociate preformed MglA--MreB complexes. For this, we first allowed MglA--MreB complexes to form in the presence of GTPγS and subsequently added MglB. Again, we found that MglB was able to displace the MglA--MreB interaction ([Fig. 8 F](#fig8){ref-type="fig"}). We conclude that MglA-GTP interacts with MreB reversibly, allowing regulation by MglB. In vivo these interactions allow MglB to act in two complementary ways to unlatch the Agl--Glt complex from MreB at the lagging cell pole: (1) MglB activates MglA GTP hydrolysis by its GAP activity and (2) MglB physically competes for interaction with MreB.

The MreB motility function is independent from its role in PG synthesis {#s09}
-----------------------------------------------------------------------

In rod-shaped bacteria, MreB is linked to the periplasmic PG synthesis machinery and forms patches that move in trajectories perpendicular to the cell axis powered by the PG synthesis machinery ([@bib6]; [@bib11]; [@bib44]). Blocking the PG synthesis machinery effectively blocks MreB motion. Of note, the effects of A22 on motility and protein localization in *M. xanthus* were quasi-instantaneous, observed at the minimum inhibitory concentration (MIC; 10 µg/ml; [Fig. S4](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp4}, A--C), several hours before any effects on cell morphology were evident (Fig. S4, A--C) and while PG synthesis was still ongoing ([@bib44]). These observations suggest that the function of MreB in motility in *M. xanthus* is not linked to its function in PG synthesis. To test this possibility in a definitive manner, we treated *M. xanthus* cells with mecillinam, which blocks the transpeptidase activity of PBP2 and blocks MreB dynamics in *B. subtilis* and *E. coli* ([@bib11]; [@bib44]). Mecillinam neither had an effect on motility nor on the localization of YFP-MglA^Q82A^ even when added at a concentration 15-fold higher than the MIC (10 µg/ml; [Fig. 9](#fig9){ref-type="fig"}, A and B; [Fig. S5](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp5}, A and B; and [Table S3](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp6}). Similarly, we tested a set of antibiotics that target different steps of PG synthesis and among which fosfomycin has also been shown to block MreB dynamics in *B. subtilis* and *E. coli* ([@bib6]; [@bib11]; [@bib44]). As a control, the translation inhibitor chloramphenicol was also included. Overall, with any given antibiotic, the treated cells were all motile, showing no or only minor motility defects at the MIC ([Fig. 9 A](#fig9){ref-type="fig"} and Table S3). As minor defects were also observed in the presence of chloramphenicol, we conclude that blocking PG synthesis does not block motility immediately, suggesting that the function of MreB in PG synthesis and therefore circumferential movements of MreB driven by the PG synthetic complex ([@bib3]; [@bib11]; [@bib44]) are independent of its function in motility and that the latter represent a coopted function.

![**High concentrations of mecillinam and other PG synthesis--blocking antibiotics do not block motility on short time scales.**(A) Effect of PG synthesis--blocking antibiotics on motility at the MIC. Velocities were calculated from time-lapse recordings in which cells were recorded at 30-s intervals for 10 min. The box plots read as in [Fig. 3](#fig3){ref-type="fig"}. (B) Pendulum motion and YFP-MglA^Q82A^ cluster formation is still observed in the presence of 150 µg/ml mecillinam. The MIC of mecillinam is 10 µg/ml. Arrowheads point to fixed YFP-MglA82A clusters. Bar, 2 µm.](JCB_201412047_Fig9){#fig9}

Discussion {#s10}
==========

In total, the experiments reported here suggest a mechanism for the MglA-dependent spatial regulation of the motility complex ([Fig. 10](#fig10){ref-type="fig"}). The connection between the Agl--Glt complex and the MreB cytoskeleton is essential for its assembly and requires MglA because (a) the MreB inhibitor A22 disperses AglZ-YFP, YFP-MglA^Q82A^, and AglQ-mCh clusters ([@bib24]; this study), (b) AglZ-YFP, AglQ-mCh, GltA-mCh, and GltI-YFP clusters are not observed in the absence of MglA ([@bib24]; this study), and (c) MreB interacts with MglA-GTP specifically, i.e., MreB did not interact with MglA-GDP, MglB, or BSA. Importantly, addition of MglB competed with MreB for MglA interaction and even when MglA--MreB complexes had been preformed, showing that the MglA--MreB interaction is reversible and sensitive to the presence of MglB. In total, these results suggest that a protein interaction network involving all pairwise interactions between MreB, MglA-GTP, and AglZ connect the motility machinery with the MreB cytoskeleton at the leading cell pole ([Fig. 10](#fig10){ref-type="fig"}). The exact interactions with the motility machinery still need to be defined and may require GltI and, as recently proposed by [@bib31], AglR, a component of the Agl motor. After interaction with MreB, the Agl--Glt machinery together with MglA-GTP and MreB would become active and move directionally along its elusive track toward the lagging cell pole. It is unlikely that MreB itself forms the track because MreB does not appear to make continuous and polarized filaments in bacterial cells ([@bib6]; [@bib11]; [@bib44]) but instead MreB could act as a protein scaffold for assembly of the motility machinery. Recently, [@bib31] further suggested that MglA also regulates the directionality of the Agl motor; whether this is linked to the interaction with MreB remains to be explored. The incorporation of MglA-GTP into the motility machinery makes the stability of motility complexes sensitive to both the presence of MglA and its nucleotide-bound state. This provides a simple mechanism for the disassembly of the motility complex at the lagging cell pole: the action of MglB results in the dissociation from MreB by two complementary mechanisms, spatial activation of MglA-GTP hydrolysis and direct competition for interaction with MreB ([Fig. 10](#fig10){ref-type="fig"}). This spatial control is essential to allow persistent movements and thus to prevent the system from reversing its direction of movement and generate futile pendulum movements. Of note, pendulum motions must not be confused with regulated reversals, a process whereby *M. xanthus*cells change their direction of movement by switching the localization of MglA and MglB simultaneously ([@bib21]; [@bib46]). Regulated reversals are essential for *M. xanthus* multicellular behaviors and, in this case, the reversal switch is activated by the signaling activity of the Frz chemosensory system, a bacterial chemosensory that responds to environmental signals ([@bib19]). Thus, MglA has a dual function and it is both a spatial regulator of assembly and an intrinsic component of the motility machinery. Remarkably, in eukaryotic cells small Ras-like G-proteins also act downstream from signal transduction pathways (i.e., G-protein--coupled receptors) to regulate the front--rear assembly/disassembly of the actin cytoskeleton and FA formation during motility ([@bib34]; [@bib4]). Thus, the *M. xanthus* motility system represents a fascinating example of convergent evolution in the regulation of assembly/disassembly processes involved in motility.

![**Spatial regulation of the motility complexes in *M. xanthus.*** Spatial control of the gliding motility complex is proposed to be controlled by an interaction network involving at least four proteins, MglA, MreB, AglZ, and MglB. At the leading cell pole, MglA-GTP (orange square) interacts with AglZ and MreB, which creates a scaffold for the motility complex via downstream interactions to AglZ and possibly other proteins of the motility complex, e.g., AglR, a component of the molecular motor ([@bib31]). The exact assembly pathway remains to be determined. For clarity, a single motility complex is shown, but several motility complexes can be assembled in the same cell as shown in [Fig. 1](#fig1){ref-type="fig"}. When the motility complex reaches the lagging cell pole (dotted circle), it encounters MglB, which acts in two complementary ways to dissociate MglA from the MreB cytoskeleton: (1) it promotes the conversion to MglA-GDP (orange circle) and (2) it physically competes with MreB breaking the interaction between MglA and MreB. The removal of MglA from the motility complexes promotes its disassembly (pictured by dashed lines). Although disassembly of the entire complex is suggested, the exact disassembly pathway is not known and some subcomplexes could persist and be recruited again at the new leading cell pole for a new motility cycle.](JCB_201412047_Fig10){#fig10}

Although the bacterial MreB cytoskeleton was discovered more than a decade ago, only a few direct-binding partners have been identified, most of them coupling MreB to the PG synthesis machinery ([@bib41]). We show that MreB is involved in bacterial motility through a direct and specific interaction with MglA-GTP, the active form of MglA, and AglZ as reported previously ([@bib24]) to stimulate the assembly of Agl--Glt motility complexes at FAs. Two lines of evidence suggest that this function is independent of the function of MreB in PG synthesis: (1) antibiotics that immediately block PG synthesis and block MreB dynamics do not block motility; and (2) A22 that targets MreB directly but does not block PG synthesis immediately, blocks motility instantaneously. In *M. xanthus*, the MreB actin-like cytoskeleton also functions as a scaffold for the PG synthesis machinery, as shown by long-term effects of A22 (Fig. S4) but it may also have been coopted by the gliding motility machinery and function independently as a scaffold for formation of the Agl--Glt machinery. Thus, studying the connection between the Agl--Glt complex and MreB may more generally reveal new accessory functions of the bacterial cytoskeleton.

Materials and methods {#s11}
=====================

Bacterial strains, plasmids, and growth {#s12}
---------------------------------------

DK1622 was used as the WT *M. xanthus* strain throughout and all *M. xanthus* strains used are derivatives of DK1622. *M. xanthus* strains used are listed in [Table S1](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp7}. Plasmids are listed in [Table S2](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp8}. All plasmids were verified by sequencing. *M. xanthus* strains were grown at 32°C in 1% CTT broth ([@bib14]) and on CTT agar plates supplemented with 1.5% agar. Kanamycin (50 µg/ml) or oxytetracycline (10 µg/ml) was added when appropriate. In-frame deletions were generated by overlap PCR containing ∼750 bp upstream and downstream of the desired mutant region and cloned in pBJ114 or pBJ113 plasmids. The plasmids were transformed by electroporation into the appropriate strain and the integration via homologous recombination (or by site-specific recombination at the Mx8 *attB* site for fluorescent fusions) was selected by antibiotic resistance. For in-frame deletions the transformants were further grown on galactose to excise the plasmid via a second homologous recombination. All strains generated were verified by PCR.

Determination of MIC {#s13}
--------------------

To determine MIC, exponentially growing cells of DK1622 were diluted into prewarmed CTT growth medium containing different concentrations of the relevant drugs. Cell growth and cell shape was analyzed for at least 24 h after addition of a drug by measuring OD~550~ and by phase-contrast microscopy every 3 h. The following drugs were tested: A22 (EMD Millipore), mecillinam, cefoxitin, fosfomycin, cefsulodin, and chloramphenicol (Sigma-Aldrich).

Drug injection experiments in flow chamber {#s14}
------------------------------------------

For A22 injection experiments, *M. xanthus* cells were immobilized on a chitosan-coated surface, as described previously ([@bib7]). In brief, custom-built polydimethylsiloxane microfluidic glass chambers were coated with chitosan solution and washed after 30 min. Chambers were further rinsed with 1 ml TPMG buffer (10 mM Tris-HCl, pH 7.6, 8 mM MgSO~4~, 1 mM KH~2~PO~4~, and 100 mM glucose). Subsequently, 1 ml of an exponentially growing culture was injected into the chamber and left for 30 min without flow. Unattached cells were removed by rinsing with 1 ml TPMG by manual injection and time-lapse microscopy on attached cells was performed. A22 was injected manually at a final concentration of 10 µg/ml a few minutes after cells were confirmed to be motile. Immediately upon detection of an effect on motility, 1--2 ml TPMG buffer was injected to test for reversibility.

Fluorescence microscopy {#s15}
-----------------------

For phase-contrast and fluorescence microscopy, cells from exponentially growing cultures were transferred to a thin 1% agar pad with TPM buffer (10 mM Tris-HCl, pH 7.6, 8 mM MgSO~4~, and 1 mM KH~2~PO~4~) on a glass slide and covered with a coverslip. After 15 min, GFP or m-cherry fluorochromes were visualized at 32°C using either a temperature-controlled DM6000B microscope (Leica) with a Plan Apochromat 100×/NA 1.40 oil objective (Leica) and a Cascade II 1024 camera (Roper Scientific) or a temperature-controlled TE2000-E-PFS microscope (Nikon) with a 100×/1.4 DLL objective and a CoolSNAP HQ2 camera (Photometrics). Images were recorded and processed with Metamorph software (Molecular Devices).

Motility assays and drug experiments on agar {#s16}
--------------------------------------------

*M. xanthus* cells from an exponentially grown culture in CTT were mixed with the relevant drug at various concentrations. Subsequently, 10 µl of the cell suspension was transferred to a microscope slide covered with a thin 1% agarose pad buffered with TPM buffer and supplemented with the same concentration of the relevant drug. Cells were immediately covered with a coverslip and motility and protein localization immediately followed for 10--15 min at 32°C. Time-lapse microscopy was done using a DMI6000B microscope (Leica) with a Plan Apochromat 100×/NA 1.40 phase-contrast oil objective (Leica) using appropriate filters and with images captured using a Flash 4.0 camera (Hamamatsu Photonics). Images were processed as described in the Cell tracking and image analysis section.

Cell tracking and image analysis {#s17}
--------------------------------

The image analysis was performed with FIJI/ImageJ free software. To perform the routine analysis on microscopy images and time-lapse (cell tracking, FA detection, kymograph, cluster detection, etc.), we developed our own collection of plugins. [Plugin codes](http://www.jcb.org/cgi/content/full/jcb.201412047/DC1){#supp9} are available in the online supplemental material. Each plugin was coded in Python. In brief, the phase-contrast image of rod-shaped cells provides the mask of cell bodies and yields morphological parameters especially the longitudinal axis. This allows a straighten operation and the axis is used as a reference frame for the cluster localization. Because the internal clusters are of weak intensity, the images were denoised by applying a neutral density filter and background subtraction. The presence of fluorescent clusters was systematically verified on the unprocessed images to ascertain that the procedures did not generate artifact signals. For dynamic tracking a simple algorithm of nearest objects was used. For each cell identified at frame t, a circular region with a radius equal to the maximum displacement step was exanimated in frame t + 1; the nearest cell in this region was linked to the same track. Results were validated manually. Velocities were calculated from the tracking results (Δdisplacement/Δtime). The points of the trajectory (x0, x1, ... , xn; y0, y1, ... , yn) were used to calculate the mean square displacement (MSD) at time *t* = *d*^2^~*t*~ = (*x~t~* − *x~t~*~−1~)^2^ + (*y~t~* − *y~t~*~−1~)^2^:$${MSD}(t) = ~\frac{1}{t}\sum\limits_{0}^{t}d_{t}^{2}$$This was calculated with an R software script.

Colocalization ratios were calculated by generating a mask of the fluorescent areas occupied by each fluorescent protein and reporting the colocalized area to the total area of AglZ-mCh or AglQ-mCh: (YFP-MglA∩AglZ-mCh)/AglZ-mCh; (YFP-MglA∩AglQ-mCh)/AglQ-mCh.

Data analysis, figure charts, and statistics were performed with the R software.

Protein expression and purification {#s18}
-----------------------------------

MglA-His~6~ proteins, MglB-His~6~, and His~6~-MreB~ΔNt~ were purified essentially as previously described ([@bib24]; [@bib46]). In brief, overexpression of the MglA-His~6~, MglB-His~6~, and His~6~-MreB~ΔNt~ proteins was induced by growing C41 (DE3; F -- *ompT hsdSB \[rB− mB−\] gal dcm* \[λDE3\]) containing the relevant plasmids at 20°C for 20 h in the presence of 0.5 mM IPTG. The same procedure was used to purify MglA-His~6~ and MglB-His~6~ except that GDP was not added at the final steps of the MglB purification. Cells containing MglA-His~6~ or MglB-His~6~ were harvested by centrifugation at 10,000 *g* for 10 min; resuspended in a buffer containing 50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 10% glycerol (vol/vol); and lysed using a French press. Cells overexpressing MreB-His~6~ were lysed in 20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM MgCl~2~, 0.1% (wt/vol) CHAPS, 30 mM imidazole supplemented with a protease inhibitor cocktail (Roche), and 0.25 mM PMSF using a French press. Lysates were centrifuged twice (20,000 *g* at 4°C for 30 min) to remove debris. For MglA/MglB, supernatants were incubated with Nickel beads (Bio-Rad Laboratories) for 1 h at 4°C, and then beads were collected and loaded onto a 5-ml HisTrap column (GE Healthcare). The elution was performed using a buffer containing 50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, and 250 mM imidazole, and for MglA, GDP 30 µM. To purify His~6~-MreB~ΔNt~, the supernatant obtained after the clearing centrifugation was incubated with Nickel beads for 2 h at 4°C. Subsequently, the beads were collected and loaded onto a 5-ml HisTrap column. Protein was eluted using a buffer containing 20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM MgCl~2~, 0.1% (wt/vol) CHAPS, 250 mM imidazole, 0.25 mM PMSF, and 10% glycerol (vol/vol). Protein purification was analyzed using SDS-PAGE, and protein concentrations were quantified using Bradford assay (Bio-Rad Laboratories).

Polymerization and high speed sedimentation of His~6~-MreB~ΔNt~ {#s19}
---------------------------------------------------------------

To analyze filament formation by His~6~-MreB~ΔNt~, the protein was precentrifuged at 100,000 *g* for 15 min at 4°C. His~6~-MreB~ΔNt~ at the indicated concentrations was incubated in HKM buffer (40 mM Hepes, pH 7.7, 300 mM KCl, 2 mM MgCl~2~, and 1 mM DTT) and 2 mM nucleotide (ATP, ADP, GDP, or GTP as indicated). Samples were incubated at 4°C, 25°C, or 37°C for 10, 15, 30, or 60 min. Subsequently, samples were used for high-speed sedimentation. For high-speed sedimentation, samples were centrifuged at 70,000 *g* for 15 min at 4°C. The separated supernatant and pellet were dissolved in SDS loading buffer and analyzed by SDS-PAGE. Equivalent volumes of the supernatant and pellet were loaded on the gel and stained with Coomassie blue G250.

ATPase assay {#s20}
------------

ATPase activity was measured using a radioactive charcoal-based assay ([@bib35]). In brief, His~6~-MreB~ΔNt~ at 4 µM was incubated in 20 mM Tris, pH 7.4, 1 mM MgCl~2~, 50 µM ATPγ-\[P^32^\] (500 dpm/pmol), and 300 mM KCl (unless otherwise stated) at 37°C for the indicated times. ATP hydrolysis was terminated by transferring 20-µl aliquots of the reaction into a 500-µl slurry containing acid-washed charcoal. The charcoal was removed by centrifugation (5 min at 16,000 *g*) and the amount of radioactivity present in the supernatant was determined by liquid scintillation counting.

DLS {#s21}
---

All measurements were made using a Dynapro MSX instrument (Protein Solutions) equipped with a Peltier temperature controller. A 15-µl solution containing His~6~-MreB~ΔNt~ (concentration from 2 to 8 µM as indicated in the figure legends) was obtained by dilution in 20 mM Tris, pH 7.4, 1 mM MgCl~2,~ 150 mM KCl, and 1 mM ATP. After equilibration at 37°C in a quartz cuvette, 10 autocorrelation functions of the scattered light were determined at the optimal laser intensity, each for 10 s.

In vitro interaction between MglA-His~6~ proteins and His~6~-MreB~ΔNt~ {#s22}
----------------------------------------------------------------------

Purified MglA-His~6~ and MglA^Q82L^-His~6~ (10 µM final concentration) were first loaded with GDP or GTP in a buffer containing 160 mM Hepes, 300 mM KCl, 2 mM MgCl~2~, and 1 mM GDP or GTP for 30 min at 25°C. MreB-His~6~ (6.5 µM final concentration) was polymerized for 60 min at 37°C as described. Subsequently, His~6~-MreB~ΔNt~ was mixed with GDP- or GTP-loaded MglA-His~6~ giving a final concentration of His~6~-MreB~ΔNt~ of 5 µM and of MglA-His~6~ proteins of 2 µM. Samples were incubated for 30 min at 25°C and high speed sedimentation done as described. The addition of MglA-His~6~ did not significantly change the polymerization kinetics of MreB-His~6~. To analyze the concentration-dependent effect of polymerized MreB-His~6~ on sedimentation of MglA-His~6~, His~6~-MreB~ΔNt~ was polymerized as described and MglA-His~6~ was GTP loaded as described. After mixing, the concentration of MglA-His~6~ was held constant at 2 µM and the concentration of MreB-His~6~ varied from 0 to 5 µM.

Competition between MreB and MglB for binding to MglA {#s23}
-----------------------------------------------------

Purified MglA-His~6~ was first loaded with GTP in HKM buffer supplemented with 1 mM GTP for 60 min at 25°C. His~6~-MreB~ΔNt~ (4 µM final concentration) was polymerized for 60 min at 37°C as described. Subsequently, His~6~-MreB~ΔNt~ was mixed with GTP-loaded MglA-His~6~ (8 µM) and with or without MglB-His~6~ (8 µM). Samples were incubated for 40 min at 25°C and high speed centrifuged at 70,000 *g* for 15 min at 4°C. For competition of preformed MglA-GTP--MreB complexes, the MglA--MreB complexes were first allowed to form as described in the previous paragraph and MglB was added, again at equimolar concentrations.

Online supplemental material {#s24}
----------------------------

Fig. S1 provides supporting data on the membrane localization of GltA-mCh and cytosolic localization of GltI-YFP and provides single motility analyzes of the WT, *aglQ*, *gltI*, and *aglZ* mutants. Fig. S2 shows the effect of A22 on AglQ-mCh and YFP-MglA^Q82A^ on a kymograph representation. Fig. S3 provides supporting information that MreB polymers interact with MglA-GTP. Fig. S4 shows the effect of A22 on growth and cell shape. Fig. S5 shows the effect of mecillinam on growth and cell shape. Tables S1 and S2 list the strains and plasmids used in this study. Table S3 lists the MIC of various antibiotics used in this study. All source codes are written in Python for their use as FIJI plugins. The package includes bacterial cell morphometric analysis, tracking, and graphic representation plugins. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201412047/DC1>.
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